Introduction
Catalytic methods that combine phosphine ligands with a source of Pd(0) are important strategies for effecting carbon-carbon and carbon-heteroatom bond formation. [1] Considerable effort has been focused on the development of new phosphine ligands, [2] and these ligands often play a key role in development of new methodology. [3] Among these ligands, the biaryl-based phosphines developed in our laboratory have emerged as a particularly effective class of ligands [4] , and catalysts based on them have been widely employed both in academic settings as well as industrially in the synthesis of active pharmaceutical ingredients. [5] We have developed several such ligands bearing bulky dialkyl phosphine moieties, t-BuBrettPhos (1), RockPhos (2), and BrettPhos (3), (Figure 1 ), that are uniquely effective for certain classes of challenging carbon-heteroatom coupling reactions. For example, the combination of 1 with a palladium source provides a catalyst system capable of effecting a Pd-catalyzed fluorination of aryl triflates, [6] among other important transformations. [7] A similar Pd system based on 2 allows for the intermolecular arylation of secondary and primary alcohols. [8] BrettPhos, 3, has been used for the Pdcatalyzed amination of aryl electrophiles, [9] as well as the Pd-catalyzed trifluoromethylation of aryl chlorides. [10] Given the utility of these ligands for industrially-relevant processes, there is a significant demand for them in medium to large quantities. While 1 -3 are commercially available, the current procedures for their preparation, due to issues of safety and product purity, do not lead themselves to efficient large-scale preparations. Herein we describe and demonstrate a common strategy for the preparation of all three ligands in high yields which is more amenable to their larger scale production.
In our previous report, t-BuBrettPhos, 1, was prepared in 53% yield when iodoarene precursor 4 was treated with 2.0 equivalents of t-BuLi and the resulting aryllithium subsequently was allowed to react with 1.1 equivalents of t-Bu 2 PCl in the presence of 1.0 equivalent of CuCl at 70°C for 60 h (Scheme 1; R = OMe). [11] Thus, the preparation of 1 from 50 grams of 4 would require approximately 120 mL of t-BuLi (1.7 M in pentane). Similarly, the synthesis of RockPhos, 2, required 2.0 equivalents of t-BuLi and 1.0 equivalent CuCl in combination with biaryl iodide precursor 5 and 1.5 equivalents of t-Bu 2 PCl in toluene at 140°C for 20 h to provide the ligand in 72% yield (Scheme 1; R = Me). [8] Not only does the use of pyrophoric reagents in high quantities require specific safety equipment and extremely careful handling, but these methods provide the ligands in moderate yields and require extensive reaction times sometimes at high temperatures. Further, the need for stoichiometric amounts of CuCl often results in residual coppercontaining species in the product, the presence of which has been shown to negatively affect the palladium-catalyzed reactions which depend on these ligands. We therefore set out to develop methods to address and circumvent these problems and thus allow for facile largescale production.
Results/discussion
We began by focusing on improving the preparation of t-BuBrettPhos, 1. To avoid the use of t-BuLi and a stoichiometric amount of CuCl, we examined an alternate route based on the formation of a biaryl Grignard reagent and its subsequent reaction with t-Bu 2 PCl (Scheme 2).
We chose 6 as our starting material, since the nucleophilicity of Grignard reagents generated from aryl bromides are generally higher than those generated from aryl iodides (Scheme 3). [12] Precursor 6 was prepared via our reported protocol as shown in Scheme 3. [13] Benzyne 8, generated by the treatment of 1,4-dimethoxy-2-fluorobenzene 7 with n-BuLi, was trapped with Grignard reagent 9 and the resulting intermediate was subsequently quenched with bromine to give 6 in 63% yield. We next attempted the conversion of 6 to 1 via the Grignard intermediate (10) and without the use of any copper co-catalyst. Unfortunately, all of our attempts to use copper-free conditions failed to produce any of the desired ligand 1.
We next decided to investigate a process that employed a catalytic amount of copper. Such copper-catalyzed reactions have been reported by our group [14] and others. [15] However, prior to this report, there had been no reports of copper-catalyzed couplings of biphenyl derivatives bearing substituents on the top aryl ring. Our attempts to optimize this process are summarized in Table 1 . Grignard reagent 10, generated by the treatment of 6 with magnesium in THF at 80°C for 2 hours, was treated with t-Bu 2 PCl (1.1 equiv.) in the presence of various copper reagents and LiBr. [15b] The reaction of 10 and t-Bu 2 PCl using CuI (20 mol%) and LiBr (40 mol%) in THF at 100°C for 24 h provided 1 in 13% (Entry 1). Changing the copper source to CuBr (20 mol%), provided 1 in 67% yield (Entry 2). With CuCl (20 mol%) as the copper source, the yield of 1 increased to 74% (Entry 3). In an attempt to improve this yield further, the reaction of 10 with t-Bu 2 PCl was carried out in toluene by performing a solvent exchange following the formation of 10 in THF. The solution of 10 in toluene was treated with t-Bu 2 PCl, and the reaction mixture at 140 °C for 12 h in the presence of CuCl (10 mol%) and LiBr (20 mol%). In this way 1 was produced in 93% yield (Entry 4). While we were satisfied with the improvement in yield, the process of switching solvents is undesirable particularly on large scale. To address this issue, we investigated the preparation of 10 in a mixture of toluene and THF. We found that 10 could be formed effectively in a 7.5 : 1 mixture of toluene and THF (1.5 h reaction time), and that subsequent treatment of the resulting reaction mixture with t-Bu 2 PCl in the presence of CuCl (5 mol%) and LiBr (10 mol%) provided 1 in 95% yield (Entry 5). Finally, we evaluated the coupling using iodide precursor 4 in lieu of bromide precursor 6. Under identical reaction conditions, 1 was obtained in 83% yield from 4 (Entry 6). We thus chose bromide 6 as the optimal precursor for 1.
To assess the utility of the improved method on a moderate scale, we carried out the reaction sequence using beginning with 50 grams of biaryl bromide 6. Even on this scale, Grignard reagent 10 was formed smoothly through the treatment of 6 with Mg in a 7.5 : 1 mixture of toluene : THF for 3 hours. The subsequent reaction of 10 with t-Bu 2 PCl proceeded efficiently to provide 1 in 87% yield (Scheme 4; Route a, R = OMe).
To evaluate the generality of the new method, we next attempted the analogous preparation of RockPhos (2) and BrettPhos (3). From 10 grams of RockPhos precursor 11 [16] , 2 was obtained in 87% yield (Scheme 4; Route a, R = Me). For the preparation of 3, additional optimization of the reaction conditions was required. Specifically, it was found that the use of CuCl (10 mol%) in the absence of LiBr was optimal and 3 was obtained in 80% isolated yield (Scheme 4; Route b, R = OMe).
Conclusion
In summary, we have developed improved methods for the preparation of t-BuBrettPhos, RockPhos and BrettPhos. The methods provide these ligands in high yields and without the use of t-BuLi or a stoichiometric amount of copper halide. Thus, these methods are superior to the previously-reported ones from the viewpoints of safety, yield, and economy. We anticipate that the new methods will lead to a more accessible supply of these ligands in larger quantity, leading to an increase in their use.
Experimental Section General Reagent Information
All reactions were carried out under an argon atmosphere. THF and toluene were purchased from J.T. Baker in CYCLE-TAINER® solvent-delivery kegs and vigorously purged with argon for 1 h. The solvent was further purified by passing through successive alumina and Q5 reactant-packed columns on a solvent purification system. Commercial materials were used as received unless otherwise noted. 1,4-Dimethoxy-2-fluorobenzene was purchased from Synquest Labs, Inc. 4-Methoxy-1-methyl-2-fluorobenzene was purchased form TCI America. n-BuLi (2.5 M in hexane), Bromine, and 1,2-dibromoethane were purchased from Aldrich Chemical Co. CuCl and CuI were purchased from Acros Organics. CuBr and LiBr were purchased from Strem Chemicals Inc. Magnesium turnings (99.8%; 2.3 mm (0.09 in) wide) was purchased from Alfa Aesar. 2,4,6-Triisopropylbromobenzene was purchased from ABCR GmbH & Co. KG.
General Analytical Information
All compounds were characterized by 1 H NMR, 13 C NMR and IR spectroscopy, melting point, and elemental analysis. Nuclear Magnetic Resonance spectra were recorded on a Bruker 400 MHz instrument. All 1 H NMR are reported in δ units, parts per million (ppm), and were measured relative to the signals for residual chloroform (7.26 ppm) in the deuterated solvent, unless otherwise stated. All 13 C NMR are reported in ppm relative to deuterochloroform (77.0 ppm), unless otherwise stated, and all were obtained with 1 H decoupling. All 31 P NMR spectra are reported in ppm relative to 85% phosphoric acid external standard (0 ppm). The following abbreviations were used to explain the multiplicities: s = singlet, d = doublet, m = multiplet. All IR spectra were taken on a Perkin -Elmer 2000 FTIR. All GC analyses were performed on an Agilent 6890 gas chromatograph with an FID detector using a J & W DB-1 column (10 m, 0.1 mm ID). Elemental analyses were performed by Atlantic Microlabs Inc., Norcross, GA.
Preparation of 2-bromo-2′,4′,6′-triisopropyl-3,6-dimethoxybiphenyl (6)
An oven-dried three-neck 500 mL round bottom flask, which was equipped with a magnetic stir bar and charged with magnesium turnings (2.8 g, 115 mmol) was fitted with a reflux condenser, glass stopper and rubber septum. The flask was purged with argon and then THF (100 mL) and 2,4,6-triisopropylbromobenzene (24.3 mL, 95.9 mmol) were added via syringe. The reaction mixture was heated to reflux and 1,2-dibromoethane (40 μL) was added via syringe. The reaction mixture was allowed to stir at reflux for 1.5 h and was then cooled to room temperature. A separate oven-dried 2L round bottom flask, which was equipped with a magnetic stir bar and fitted with a rubber septum, was purged with argon and then THF (500 mL) and 1,4-dimethoxy-2-fluorobenzene (7.49 g, 48.0 mmol) were added to the flask via syringe. The reaction mixture was cooled to −78°C and n-BuLi (2.5 M in hexane, 19.4 mL, 48.5 mmol) was added in a dropwise fashion over a 30 min period. The solution was stirred for 1 h and the Grignard reagent, which was prepared in the first reaction vessel, was added via cannula over a 40 min period. The resulting mixture was allowed to stir at −78°C for 1 h. The cooling bath was then removed and the reaction mixture was allowed to slowly warm to room temperature over a 1.5 h period after it was stirred for an additional 12 h. The mixture was then cooled to 0°C with the aid of an ice/ water bath and bromine (5.4 mL, 105 mmol) was slowly added dropwise via syringe over 20 min and the resulting dark purple solution was stirred for 1 h. At this point a 10% Na 2 SO 3 aqueous solution (300 mL) was added to the reaction mixture and the solution was stirred for 10 min. The mixture was transferred to a separatory funnel and then the aqueous layer was removed. The organic layer was washed with 10% Na 2 SO 3 aqueous solution (300 mL) and subsequently washed with brine (300 mL). The individual aqueous layers were then back-extracted with EtOAc (400 mL) and the combined organic layers were dried over MgSO 4 , filtered, and then solvent was removed with the aid of a rotary evaporator. The resulting solid was triturated with cold hexane and filtered to give the crude product as a pale pink solid. The solid was crystallized from hot EtOAc (first crystallization; 100 mL, second crystallization; 50 mL) at 80°C to give the desired product 6 (12.7 g, 63%); mp = 191-192°C. 1 H NMR (400 MHz, CDCl 3 ) δ: 7.05 (s, 2H), 6.89 (d, J = 9.0 Hz, 1H), 6.85 (d, J = 9.0 Hz, 1H), 3.91 (s, 3H), 3.66 (s, 3H), 2.95 (septet, J = 6.8 Hz, 1H), 2.40 (septet, J = 6.9 Hz, 2H), 1.31 (d, J = 6.8 Hz, 6H), 1.14 (d, J = 6.9 Hz, 6H), 1.01 (d, J = 6.9 Hz, 6H) ppm. 13 C NMR (100 MHz, CDCl 3 ) δ: 152. 5, 150.2, 147.9, 145.9, 132.2, 131.9, 120.5, 116.0, 110.1, 109.0, 56.5, 55.5, 34.0, 30.8, 24.3, 23.9, 23 .7 ppm. IR (neat, cm −1 ): 2957, 5865, 1734, 1698, 1651, 1572, 1457, 1429, 1358, 1260, 1089, 1037, 874, 791, 760 . Anal. Calcd. for C 23 H 31 BrO 2 : C, 65.87; H, 7.45. Found: C, 65.97; H, 7.61.
Representative procedure for the examples described in Table 1 (Entry 1)
An oven-dried test tube, which was equipped with a magnetic stir bar, fitted with a teflon screw cap, and charged with magnesium tunings (33 mg, 1.35 mmol), was evacuated and backfilled with argon (this process was repeated a total of three times). THF (0.5 mL) was then added via syringe. The solution was heated at 80°C for 5 min, and then 1,2dibromoethane (2 drops) was added to the solution via syringe. After stirring for 15 min, a solution of 2-bromo-2′,4′,6′-triisopropyl-3,6-dimethoxybiphenyl (150 mg, 0.358 mmol) in THF (0.5 mL) was added dropwise to the mixture. The reaction mixture was allowed to stir at 80°C for 2 h and was then cooled to room temperature. A separate oven-dried test tube, which was equipped with a magnetic stir bar and fitted with a teflon screw cap, was purged with argon. CuI (13.6 mg, 0.0714 mmol) and LiBr (12.4 mg, 0.143 mmol) were added to the reaction vessel after which time it was purged with argon a second time. The Grignard reagent, which was prepared in the first reaction vessel, was transferred to the second reaction vessel via cannula, and t-Bu 2 PCl (75 μL, 0.394 mmol) was then added to the solution. The reaction mixture was heated to 100°C for 24 h, then cooled to room temperature and diluted with EtOAc. The mixture was washed with 28% aqueous NH 4 OH (this process was repeated a total of three times), washed with brine, dried over MgSO 4 , and concentrated in vacuo to give crude product. Dibenzyl ether was then added as an internal standard and the reaction mixture was analyzed by 1 H NMR. The data indicated that the product was provided in 13% yield.
Large-scale preparation of t-BuBrettPhos
(1): [11] An oven-dried flask, which was equipped with a magnetic stir bar and charged with magnesium turnings (4.34 g, 179 mmol), was fitted with a reflux condenser and rubber septum. The flask was purged with argon and then THF (20 mL) and 1,2-dibromoethane (500 μL) were added via syringe. The solution was heated at 80°C for 30 min. The solution was then cooled to room temperature and toluene (220 mL) and 2-bromo-2′,4′,6′triisopropyl-3,6-dimethoxybiphenyl (50 g, 119 mmol) were added to the solution. The mixture was then heated at 80°C for 3 h. A separate oven-dried Schlenk flask was fitted with a rubber septum and purged with argon, after which CuCl (590 mg, 5.96 mmol) and LiBr (1.03 g, 11.9 mmol) were quickly added to the flask. The septum was replaced and the Grignard reagent, which was prepared in the first reaction vessel, was transferred to the Schlenk flask via cannula after which t-Bu 2 PCl (24.8 mL, 130 mmol) was added to the solution via syringe. The rubber septum was quickly exchanged for a teflon screw cap and the reaction mixture was heated to 120°C for 20 h. The reaction mixture was then cooled to room temperature and diluted with EtOAc (900 mL). The solution was poured into a mixture of 28% aqueous NH 4 OH (200 mL), brine (200 mL), and water (200 mL) and the mixture was stirred for 10 min. The mixture was transferred to a separatory funnel and the aqueous layer was removed. The organic layer was washed three times with a mixture of 28% aqueous NH 4 OH (400 mL) and brine (400 mL) and was then washed one final time with brine (800 mL). The individual aqueous layers were then back-extracted with EtOAc (800 mL). The two organic layers were combined, dried over MgSO 4 , and concentrated in vacuo to provide the crude product. The crude material was then crystallized from hot methanol (100 mL) and EtOAc (100 mL) to give the desired product as white crystals (50.5 g, 87%); mp = 170-171°C. 1 H NMR (400 MHz, CDCl 3 ) δ: 6.98 (s, 2H), 6.88 (d, J = 8.8 Hz, 1H), 6.84 (d, J = 8.8 Hz, 1H) , 3.79 (s, 3H), 3.56 (s, 3H), 2.96 (septet, J = 6.8 Hz, 1H), 2.51 (septet, J = 6.6 Hz, 2H), 1.33 (d, J = 6.8 Hz, 6H), 1.23 (d, J = 6.6 Hz, 6H), 1.16 (s, 9H), 1.13 (s, 9H), 0.95 (d, J = 6.4 Hz, 6H) ppm. 13 C NMR (100 MHz, CDCl 3 ) δ: 155. 68, 155.66, 152.38, 152.27, 146.96, 146.46, 140.18, 139.80, 132.79, 132.72, 127.37, 126.91, 119.85, 110.66, 110.65, 108.00, 54.17, 53.77, 33.91, 33.88, 33.62, 31.81, 31.64, 31.02, 30.99, 25.47, 24.08, 23.36 ppm. 31 P NMR (161 MHz, CDCl 3 ) δ: 34.56 ppm. IR (neat, cm −1 ): 2956 , 2862 , 1735 , 1698 , 1578 , 1559 , 1458 , 1421 , 1382 , 1360 , 1252 , 1171 , 1086 , 1041 , 1018 H, 10.19 . Found: C, 77.03; H, 10.10.
Preparation of 2-bromo-2′,4′,6′-triisopropyl-3-methoxy-6-methylbiphenyl (11)
An oven-dried three-neck 500 mL round bottom flask, which was equipped with a magnetic stir bar and charged with magnesium turnings (2.8 g, 115 mmol), was fitted with a reflux condenser, glass stopper and rubber septum. The flask was purged with argon and then THF (190 mL) and 2,4,6-triisopropylbromobenzene (24.1 mL, 96.1 mmol) were added via syringe. The reaction mixture was heated to reflux and 1,2-dibromoethane (60 μL) was added via syringe. The reaction was allowed to stir at reflux for 2 h and was then cooled to room temperature. A separate oven-dried 2L round bottom flask, which was equipped with a magnetic stir bar and fitted with a rubber septum, was purged with argon and then THF (250 mL) and 1-methoxyl-4-methyl-3-fluorobenzene (6.73 g, 48.0 mmol) were added to the flask via syringe. The reaction mixture was cooled to −78 °C and n-BuLi (2.5 M in hexane, 20 mL, 50.0 mmol) was added in a dropwise fashion over a 1 h period. The solution was stirred for 1 h and then the Grignard reagent, which was prepared in the first reaction vessel, was added via cannula over a 30 min period and the mixture was then allowed to stir at −78°C for 1 h. The reaction mixture was then allowed to warm slowly to room temperature over 1.5 h, where it was stirred for an additional 12 h. The mixture was then cooled to 0°C and bromine (5.9 mL, 115 mmol) was added dropwise via syringe slowly over 20 min, and the resulting dark purple solution was allowed to stir for 1 h. At this time a 10% Na 2 SO 3 aqueous solution (300 mL) was added to the reaction mixture and the solution was stirred for 10 min. The mixture was transferred to a separatory funnel and the aqueous layer was removed. The organic layer was washed with a 10% Na 2 SO 3 aqueous solution (300 mL) and was then washed with brine (300 mL). Then combined aqueous layers were then extracted with EtOAc (400 mL). The individual organic layers were dried over MgSO 4 , filtered, and then the solvent was removed with the aid of a rotary evaporator. The crude material was triturated with cold MeOH and filtered to give the crude product as a white solid. The solid was crystallized from a combination of hot EtOAc (20 mL) and hot MeOH (80 mL) at 80°C to give the desired product (10.6 g, 54%); mp = 146-147°C. 1 H NMR (400 MHz, CDCl 3 ) δ: 7.18 (d, J = 8.4 Hz, 1H), 7.08 (s, 2H), 6.83 (d, J = 8.4 Hz, 1H), 3.94 (s, 3H), 2.96 (septet, J = 6.9 Hz, 1H), 2.38 (septet, J = 6.9 Hz, 2H), 1.94 (s, 3H), 1.32 (d, J = 6.9 Hz, 6H), 1.16 (d, J = 6.9 Hz, 6H), 1.08 (d, J = 6.9 Hz, 6H) ppm. 13 C NMR (100 MHz, CDCl 3 ) δ: 154.1, 148.2, 145.3, 142.5, 134.7, 130.8, 128.8, 120.9, 114.8, 109.9, 56.1, 34.0, 30.6, 24.5, 24.2, 24.0, 20.5 ppm. IR (neat, cm −1 ): 2956 , 2868 , 1734 , 1653 , 1606 , 1559 , 1464 , 1436 , 1382 , 1361 , 1292 , 1264 , 1210 , 1083 , 1055 , 1019 H, 7.75. Found: C, 68.28; H, 7.75 .
Large-scale preparation of RockPhos (2): [8] An oven-dried flask, which was equipped with a magnetic stir bar and charged with magnesium turnings (904 mg, 37.2 mmol), was fitted with a reflux condenser and a rubber septum. The flask was purged with argon and THF (4 mL) and 1,2-dibromoethane (110 μL) were added via syringe. The solution was heated at 80°C for 30 min. The solution was then cooled to room temperature and toluene (45 mL) and 2-bromo-2′,4′,6′-triisopropyl-3methoxy-6-methylbiphenyl (10.0 g, 24.8 mmol) were added to the flask. The solution was heated at 80°C for 3 h. A separate oven-dried Schlenk flask was fitted with a rubber septum and was purged with argon, after which CuCl (123 mg, 1.24 mmol) and LiBr (215 mg, 2.48 mmol) were quickly added to the flask. The septum was replaced and the Grignard reagent, which was prepared in the first reaction vessel, was transferred to the Schlenk flask via cannula and then t-Bu 2 PCl (5.2 mL, 27.3 mmol) was added via syringe. The rubber septum was quickly exchanged for a teflon screw cap and the reaction mixture was then heated to 120°C for 18 h. The solution was then cooled to room temperature and diluted with EtOAc (200 mL). The solution was poured into a mixture of 28% aqueous NH 4 OH (90 mL) and water (90 mL) and the mixture was stirred for 10 min. The mixture was transferred to a separatory funnel and the aqueous layer was removed. The organic layer was washed three times with a mixture of 28% aqueous NH 4 OH (80 mL) and brine (80 mL) and was then washed with brine (170 mL). The individual aqueous layers were back-extracted with EtOAc (total 800 mL). The combined organic layers were then dried over MgSO 4 and concentrated in vacuo to give the crude product. The crude material was crystallized from hot methanol to provide the desired product 2 as white crystals (10.2 g, 87%); mp = 129-130°C. 1 H NMR (400 MHz, CDCl 3 ) δ: 7.22 (d, J = 8.4 Hz, 1H), 7.01 (s, 2H), 6.81 (d, J = 8.4 Hz, 1H), 3.81 (s, 3H), 2.95 (septet, J = 6.8 Hz, 1H), 2.51 (septet, J = 6.7 Hz, 2H), 1.80 (s, 3H), 1.32 (d, J = 6.8 Hz, 6H), 1.24 (d, J = 6.7 Hz, 6H), 1.18 (s, 9H), 1.15 (s, 9H), 1.00 (d, J = 6.7 Hz, 6H) ppm. 13 C NMR (100 MHz, CDCl 3 ) δ: 160. 05, 160.03, 150.97, 150.59, 147.33, 145.72, 145.71, 136.55, 136.48, 131.91, 131.90, 130.54, 130.46, 125.46, 125.01, 120.74, 108.19, 53.58, 34.13, 33.99, 33.84, 32.01, 31.85, 30.79, 30.77, 25.35, 24.66, 24.64, 24.17, 22.17, 22 .15 ppm. 31 P NMR (161 MHz, CDCl 3 ) δ: 35.71 ppm. IR (neat, cm −1 ): 2958 , 2866 , 1716 , 1606 , 1561 , 1459 , 1426 , 1382 , 1362 , 1278 , 1262 , 1168 , 1145 , 1054 , 1021 H, 10.54. Found: C, 79.53; H, 10.47 .
Large-scale preparation of BrettPhos (3): [9c]
An oven-dried flask, which was equipped with a magnetic stir bar and charged with magnesium turnings (4.34 g, 179 mmol), was fitted with a reflux condenser and a rubber septum. The flask was purged with argon and then THF (20 mL) and 1,2-dibromoethane (500 μL) were added via syringe. The solution was heated at 80°C for 30 min. The solution was then cooled to room temperature and toluene (220 mL) and 2-bromo-2′,4′,6′triisopropyl-3,6-dimethoxybiphenyl (50 g, 119 mmol) were added to the flask via syringe. The solution was heated at 80°C for 3 h. A separate oven-dried Schlenk flask, fitted with a rubber septum, was purged with argon and then CuCl (1.18 g, 11.9 mmol) was quickly added to the flask. The septum was replaced and the Grignard reagent, which was prepared in the first reaction vessel, was added to the Schlenk flask via cannula and then Cy 2 PCl (28.9 mL, 130 mmol) was added to the solution via syringe. The rubber septum was then quickly exchanged for a teflon screw cap and then heated to 120°C and it was stirred for 20 h. The solution was then cooled to room temperature and diluted with EtOAc (900 mL). The reaction mixture was poured into a mixture of 28% aqueous NH 4 OH (400 mL) and water (400 mL) and the mixture was stirred for 10 min. The mixture was transferred to a separatory funnel and the aqueous layer was removed. The organic layer was washed three times with a mixture of 28% aqueous NH 4 OH (400 mL) and brine (400 mL) and was then washed with brine (800 mL). The combined aqueous layers were extracted with EtOAc (800 mL). The individual organic layers were then dried over MgSO 4 , and concentrated in vacuo to provide the crude product. The crude material was crystallized from hot acetone to give the desired product as white crystals (51.3 g, 80%); mp = 193-194°C. 1 156.27, 152.29, 152.18, 146.82, 145.88, 145.86, 139.19, 138.83, 132.64, 132.56, 126.79, 126.51, 120.04, 110.60, 108.51, 55.05, 54.53, 36.63, 36.49, 33.76, 32.94, 32.71, 30.96, 30.85, 30.47, 27.97, 27.88, 27.59, 27.45, 26.49, 26.48, 25.05, 23.95, 23 .52 ppm. 31 P NMR (161 MHz, CDCl 3 ) δ: 1.61 ppm. IR (neat, cm −1 ): 2958 , 2847 , 1581 , 1459 , 1422 , 1380 , 1359 , 1294 , 1173 , 1091 , 1051 , 1021 H, 9.95. Found: C, 78.23; H, 9.85 . Biaryl-based phosphine ligands. [a] Yields were calculated by 1 H NMR using dibenzyl ether as an internal standard.
[b] Grignard reagents were prepared in a mixture of toluene and THF (7.5:1)
